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CIRCUIT AND METHOD FOR CONTROLLING CURRENT FLOW 
THROUGH A SOLENOID 

BACKGROUND OF THE INVENTION 

The present invention relates to a solenoid control circuit and, more 
particularly, to a circuit and method for controlling the current flow through a 
solenoid while simultaneously enhancing the solenoid response time. 

Solenoids are used in varying industries and for various applications 
within these varying industries. For example, in the aerospace industry, solenoids 
are sometimes used in valves and actuators to move a component. As is generally 
known, solenoids are constructed using inductive components, which may have a 
relatively slow response time, from both an activation and a deactivation 
standpoint. Thus, no matter the particular industry and application, in some 
instances it may be desirable to speed up the solenoid's response time. 

Two methods may be employed to speed up a solenoid's activation time. 
In particular, there is one way to speed up the activation response time and 
another way to speed up the deactivation response time. To speed up the 
activation response time, a relatively high solenoid activation voltage is used. 
Thus, when the solenoid is activated, this relatively high voltage is applied to the 
solenoid, which speeds up its activation response time. To speed up the 
deactivation time, a high power deactivation circuit, such as a low resistance, high 
power resistor, is used to quickly remove the stored energy from the solenoid. 

If a relatively high solenoid activation voltage is used, current levels 
through the solenoid coil and other circuit components will be substantial. Thus, 
to keep the current flow to a level that does not damage the circuit components, a 
current limit circuit may be incorporated. This current limit circuit may be 
periodically switched on and off, as necessary, to limit the magnitude of the 
current flow. One drawback of this particular arrangement is that when the 



current limit circuit is activated, current may flow through the high power 
deactivation circuitry. Since the current limit circuit may be switched on and off 
at a relatively high frequency, unnecessary power dissipation may occur. Thus, 
large and bulky high-power components may be needed, high electromagnetic 
interference (EMI) emissions may occur, and the overall efficiency of the solenoid 
driver circuit may be reduced, while the expense and weight of the circuit may be 
increased. 

Hence, there is a need for a solenoid driver circuit that enhances the 
response time of a solenoid, while addressing one or more of the above-noted 
drawbacks. Namely, a circuit that does not result in unnecessarily high power 
dissipation, and/or does not use large and bulky, high power components, and/or 
does not cause relatively high EMI emissions, and/or has improved efficiency. 
The present invention addresses one or more of these needs. 

SUMMARY OF THE INVENTION 

The present invention provides a solenoid control circuit and method in 
which two switching networks are selectively opened and closed to control the 
magnitude of the current flowing through the solenoid. The configuration of the 
switching networks is such that current flows through an energy dissipating 
resistor only when the solenoid is commanded off by the solenoid control circuit, 
and not during the current limit cycle of the control circuit. Thus, the energy 
dissipated by this resistor is reduced relative to other solenoid driver circuits, 
thereby making it more efficient and reducing EMI emissions from the circuit. 

In one embodiment of the present invention, and by way of example only, 
a circuit for controlling current flow through a solenoid includes a first 
controllable switch, a second controllable switch, a diode, and a controller circuit. 
The first controllable switch is electrically coupled in parallel with a first resistive 
element. The second controllable switch is electrically coupled in series with a 
second resistor. The diode is electrically coupled in series between the first 
controllable switch and the second controllable switch. The controller circuit is 



operable to selectively open and close the first controllable switch and the second 
controllable switch in response to a command signal, and to selectively open and 
close the second controllable switch based on a magnitude of current flow through 
the solenoid. 

In another exemplary embodiment, in a circuit including a series 
connected first controllable switch and a diode that are electrically coupled in 
parallel with a solenoid, and a series-connected second controllable switch and 
first resistive element that are electrically coupled in series with the solenoid, a 
method of controlling current flow through the solenoid includes closing the first 
and second controllable switches, whereby a current flows from a first voltage 
potential through the solenoid, the second controllable switch, and the first 
resistive element. When the current flow through the solenoid reaches a first 
predetermined current magnitude, the second controllable switch is opened, 
whereby the current flows through the solenoid, the diode, and the first 
controllable switch. 

Other independent features and advantages of the preferred solenoid 
control circuit will become apparent from the following detailed description, taken 
in conjunction with the accompanying drawings which illustrate, by way of 
example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified block diagram of a solenoid control circuit according 
to an exemplary embodiment of the present invention; 

FIG. 2 is a detailed schematic diagram of a particular preferred 
embodiment of the present invention; and 

FIG. 3 depicts various waveforms associated with the circuit depicted in 

FIG. 2. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

A simplified block diagram of a solenoid control circuit according to an 
exemplary embodiment of the present invention is depicted in FIG. 1 . The 
solenoid control circuit 100 is used to control the current flow through one or 
more solenoid coils 102, and includes a first controllable switching network 104, a 
second controllable switching network 106, and a controller circuit 108. 

The first controllable switching network 104 is electrically connected in 
parallel with the solenoid coils 102, and includes a first controllable switch 1 10, a 
first resistive element 1 12, and a diode 1 14. The first controllable switch 1 10 and 
first resistive element 1 12 are electrically connected in parallel with one another. 
The diode 1 14 is electrically connected in series with the first controllable switch 
110 and first resistive element 1 12. In particular, in the depicted embodiment the 
cathode of the diode 1 14 is electrically connected to the first controllable switch 
1 1 0 and first resistive element 112. It will be appreciated that the anode of the 
diode 114 could instead be electrically connected to the first controllable switch 
1 10 and first resistive element 1 12, so long as the circuit operating voltages 
provide the correct biasing to achieve proper circuit operation. The first 
controllable switching network 104 is also electrically connected to a first circuit 
terminal 116. 

When the solenoid control circuit 100 is energized and operable, the first 
circuit terminal 1 16 is used to couple the first switching network 102 to a first 
voltage potential 118. In the depicted embodiment, this first voltage potential 118 
is a relatively high magnitude, positive (relative to reference potential) voltage 
potential, which is used to enhance the turn on response of the solenoid coils 102. 
It is to be appreciated that the first voltage potential 118 may also be a relatively 
high magnitude, negative voltage potential, so long as the polarity sensitive 
components of the solenoid control circuit 100 are appropriately connected to 
achieve proper circuit operation and response. Additionally, in the depicted 
embodiment, the first resistive element 1 12 is a resistor, though it will be 



appreciated that this element could also be a zener diode or other known resistive 
element. 

The second controllable switching network 106 is electrically connected in 
series with the first controllable switching network 104 and the solenoid coils 102, 
and includes a second controllable switch 120 and a second resistor 122. The 
second controllable switching network 106 is also electrically connected to a 
second circuit terminal 124. Similar to the first circuit terminal 1 16, when the 
solenoid circuit 100 is energized and operable, the second circuit terminal 124 is 
used to couple the second switching network 106 to a second voltage potential 
126. In the depicted embodiment, the second voltage potential 126 is a ground or 
reference potential. It will also be appreciated that the second voltage potential 
126 may also be a negative potential (relative to reference potential) or a positive 
potential, so long as the polarity sensitive components of the solenoid control 
circuit 100 are appropriately connected to achieve proper circuit operation. 

The controller circuit 108 includes at least two input ports, a first input 
port 128 and a second input port 130. The first input port 128 is used to receive a 
command signal for either energizing or de-energizing the solenoid coils 1 02. 
The second input port 130 is electrically connected to the second switching 
network 106, between the second controllable switch 120 and the second resistor 
122. Thus, the second input port 130 receives a feedback signal having a voltage 
magnitude that is representative of the current flow through the solenoid coils 102. 
Based on the signals received by the first 128 and second 130 input ports, the 
controller circuit 108 selectively opens and closes the first 110 and second 120 
controllable switches to energize, and appropriately limit current flow through, the 
solenoid coils 102. A more detailed description of this functionality will now be 
provided. 

If the first input port 128 receives the appropriate command signal for 
energizing the solenoid coils 102, then the controller circuit 108 will cause both 
the first and second 120 controllable switches to close. As a result, current will 
flow from the first voltage potential 118, through the solenoid coils 102 and the 



second switching network 106, to the second voltage potential 126. Because of 
the way the diode 1 14 is connected in the first switching network 104, it is at this 
point reverse biased. Thus, no current will flow through the first switching 
network 104. 

When the current flow through the solenoid coils 102 reaches a first 
predetermined current magnitude, as indicated by the voltage drop across the 
second resistor 122 reaching a first predetermined voltage magnitude, the 
controller circuit 108 causes the first controllable switch 1 10 to remain closed and 
causes the second controllable switch 120 to open. The current in the solenoid 
coils 102, due to inductive action, will now flow through the first switching 
network 104. Specifically, current will flow from the solenoid coils 102, through 
the diode 1 14 and first controllable switch 1 10, back to the solenoid coils 102. 
Once the current flow through the solenoid coils 1 02 decays to a second 
predetermined current magnitude, the controller circuit 1 08 causes the second 
controllable switch 120 to once again close. 

The controller circuit 108 continues to operate the first 1 10 and second 120 
controllable switches in the above-described current limit cycle until the first input 
port 128 receives the appropriate command signal for de-energizing the solenoid 
coils 102. When this occurs, the controller circuit 108 causes both the first 110 
and second 120 controllable switches to open. The current in the solenoid coils 
102 will now flow through the diode 1 14 and the first resistive element 112. The 
resistance and power rating of the first resistive element 1 12 are selected such that 
the energy in the solenoid coils 102 is quickly dissipated as heat. 

The solenoid control circuit 1 00 may be implemented using various known 
circuit components and configurations. Having described the solenoid control 
circuit from a generalized block diagram aspect, a description of a particular 
implementation will now be described, with reference to FIG. 2, in which like 
reference numerals refer to like circuit portions of the circuit depicted in FIG. 1 . 

In the depicted implementation, the first controllable switching network 
104, which is connected in parallel with the solenoid coils 102, includes the first 



resistive element 112, and the diode 1 14. The first controllable switch, however, 
is implemented using a first metal-oxide-semiconductor field effect transistor 
(MOSFET) 210. The first MOSFET 210 is, in the depicted embodiment, an N- 
channel MOSFET, with its source (S) electrically connected to the first circuit 
terminal 116, its drain (D) electrically connected between the first resistive 
element 112 and the diode 1 14, and its gate (G) coupled to receive a first signal 
from the controller circuit 108. 

The second controllable switching network 106 includes the second 
resistor 122 and, as with the first controllable switching network 104, uses a 
second MOSFET 220 as the second controllable switch. The second MOSFET 
220 is also an N-channel MOSFET, and its source (S) is electrically connected to 
the second resistor 122, its drain (D) is electrically connected to the diode 1 14, 
and its gate (G) is electrically connected to receive a second signal from the 
controller circuit 108. 

It will be appreciated that either or both of the first 210 and second 220 
MOSFETs could be implemented as P-channel MOSFETs, so long as the circuit 
operating voltages are implemented to provide the correct biasing voltage to 
achieve proper circuit operation. It will also be appreciated that the first and 
second controllable switches could be implemented as other components 
including, but not limited to, JFETs, IGBTs, bipolar transistors, thyristors, and 
SCRs. 

Turning now to the controller circuit 108, it can be seen that in the 
depicted embodiment it includes five major circuit portions, a solenoid current 
monitoring circuit portion 202, a comparator circuit portion 204, an input circuit 
portion 206, and a driver circuit portion 208. Each of these circuit portions will 
now be described in more detail, beginning first with the solenoid current 
monitoring circuit portion 202. 

The solenoid current monitoring circuit portion 202 includes an amplifier 
circuit 212 and a timing circuit 214. The amplifier circuit 212 has at least a first 
input 213 terminal, a second input terminal 215, and an output terminal 217. The 



first input terminal 213 is electrically connected between the second MOSFET 
220 and the second resistor 122. The second input terminal 215 is electrically 
connected to a resistor Rl 1, which in turn is electrically connected to a reference 
potential 219. The output terminal 217 is electrically connected to the timing 
circuit 214. A feedback resistor R15 is electrically connected between the 
amplifier output terminal 217 and the second input terminal 215, thereby 
configuring the amplifier circuit 212 as a generic non-inverting type of amplifier. 
It will be appreciated that the circuit resistors Rl 1 and R15 are selected to provide 
the appropriate amount of gain to set the solenoid holding current level. It will be 
further appreciated that the amplifier circuit 212 may also be configured as an 
inverting amplifier circuit. 

The timing circuit 214 is electrically connected to the output 217 of the 
amplifier circuit 212, and includes a resistor R9 and a capacitor CI 1 . Thus, the 
capacitor CI 1 charges and discharges through resistor R9. In particular, when the 
second MOSFET 220 is on and current is flowing through the second resistor 122, 
the voltage developed across the second resistor 122 is amplified by the amplifier 
circuit 212 and supplied to its output terminal 217. This voltage on the output 
terminal 217 of the amplifier 212 charges the capacitor CI 1 through resistor R9. 
Conversely, when the second MOSFET 220 is off and no current flows through 
the second resistor 122, capacitor CI 1 is discharged through resistor R9. The 
reasoning for this will be more fully described further below. It is to be 
appreciated that the values of CI 1 and R9 are selected to provide the desired 
discharge time of capacitor CI 1 when the second MOSFET 220 is off, and may be 
any one of numerous desired values that meet the operational goals of the solenoid 
control circuit 100. 

The comparator circuit portion 204 is electrically coupled to receive a 
reference voltage 205 having a predetermined reference voltage magnitude, the 
voltage that the capacitor CI 1 is charged to, which is representative of the current 
magnitude flowing through the solenoid coils 102, and the command signal from 
the input circuit portion 206. Based on these inputs, the comparator circuit 



supplies a switch control signal to the driver circuit portion 208. To carry out this 
function, the comparator circuit portion 204 includes a comparator 222 and a 
logical AND circuit 224. The comparator 222 has a first input terminal 223, a 
second input terminal 225, and an output terminal 227. The first input terminal 
223 is electrically connected to the timing circuit 214 and the second input 
terminal 225 is electrically connected to a reference voltage terminal 226 that is 
coupled to receive the reference voltage 205. The comparator 222 is configured 
such that it supplies a logical high signal (e.g., approximately +5VDC in the 
depicted embodiment) whenever the capacitor CI 1 is charged to a voltage 
magnitude that is less than or equal to a first comparator voltage magnitude, or is 
charging from a magnitude that is less than or equal to the first comparator voltage 
magnitude toward the predetermined referenced voltage magnitude. The 
comparator 222 supplies a logical low signal (e.g., approximately OVDC in the 
depicted embodiment) whenever the capacitor CI 1 is charged to a voltage 
magnitude that is greater than or equal to the predetermined reference voltage 
magnitude or is discharging from a voltage magnitude that is greater than or equal 
to the predetermined reference voltage magnitude toward the first comparator 
voltage magnitude. 

The logical AND circuit 224 includes a first input terminal 229, a second 
input terminal 231, and an output terminal 233. As is generally known, the logical 
AND circuit 224 supplies a logical high signal on its output terminal 233 only 
when logical high signals are supplied to both the first 229 and the second 23 1 
input terminals. 

The input circuit portion 206 includes two inverter circuits, a first inverter 
circuit 252 and a second inverter circuit 254. The first inverter circuit 252 is 
coupled to the first input port 128. As was previously noted, the first input port 
128 is used to receive the command signal for either energizing or de-energizing 
the solenoid coils 102. The first inverter circuit 252 exhibits a high impedance to 
the circuit or component supplying the command signal, and logically inverts the 
command signal. In other words, if the command signal is a logical high signal, 
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the first inverter circuit supplies a logical low signal, and vice-versa. The second 
inverter circuit 254, which also has a high input impedance, inverts the signal 
output by the first inverter 252, to supply the correct logic level signal to the 
driver circuit portion 206. 

The driver circuit portion 208 includes one or more drivers that are used to 
switch the first 210 and second 220 MOSFETs on and off, in response to the 
command signal received from the input circuit portion 206 and the switch control 
signal received from the comparator circuit portion 204. In the depicted 
embodiment, the driver circuit portion 208 uses an integrated circuit 262 to carry 
out this functionality. One example of an integrated circuit that performs this 
function is known as an IR21 10, manufactured by International Rectifier. It will 
be appreciated that other integrated circuits may be used to carry out this same 
function, or the driver circuit portion 208 could be implemented using discrete 
components instead of an integrated circuit. 

Having described both a general and specific embodiment of the present 
invention from a structural standpoint, an operational description of the solenoid 
control circuit 100 depicted in FIG. 2, will now be provided. In doing so, 
reference should be made to FIGS. 2 and 3, as necessary. 

Initially, at time t 0 , it will be assumed that the solenoid control circuit 100 
is energized, and is receiving an appropriate command to de-energize the solenoid 
coils 102 (e.g., a logic low signal). Thus, both the first 210 and second 220 
MOSFETs are off (e.g., non-conducting). At time ti, the command signal goes 
high. As a result, the driver circuit portion 208 supplies a logic high signal to the 
gate of the first MOSFET 210, causing it to turn on (e.g., conduct). Substantially 
simultaneous with this, the command signal is supplied to the first input terminal 
229 of the AND circuit 224. Because no current is yet flowing through the 
solenoid coils 102, there is no voltage drop across the second resistor 122, thus the 
output of the comparator 224, which is coupled to the second input 23 1 of the 
AND circuit 224 is a logic high. Since both inputs to the AND circuit 224 are 
high, its output 223 is high. As a result, the driver circuit 208 supplies a logic 
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high signal to the gate of the second MOSFET 220, as well. This causes current 
to flow from the first voltage potential 1 1 8, through the solenoid coils 1 02, the 
second MOSFET 220, and the second resistor 122. 

At time t2, the magnitude of the current flow through the solenoid coils 
102 has reached the first predetermined current magnitude. This is determined by 
the magnitude of the voltage drop across the second resistor 122 reaching the first 
predetermined voltage magnitude. As was noted above, the voltage drop across 
the second resistor 122 is amplified and charges capacitor CI 1 to the 
predetermined reference voltage magnitude. When this occurs, the output of the 
comparator 222 goes low, the output of the AND circuit 224 goes low, and the 
driver circuit 208 supplies a logic low signal to the gate of the second MOSFET 
220, turning it off. When the second MOSFET 220 turns off, current no longer 
flows through the second resistor 122. Thus, the voltage drop across the second 
resistor falls to zero. As a result, capacitor CI 1 starts discharging through R9. At 
substantially the same time, current now flows through the solenoid coils 1 02, the 
diode 1 14, and the first MOSFET 210, and not the first resistive element 1 12. 

Capacitor CI 1 continues to discharge until time 13, when the potential 
across it reaches the above-noted first comparator voltage magnitude. It is noted 
that the values of capacitor CI 1 and resistor R9 are chosen such that the 
magnitude of the current flowing through the solenoid coils 1 02 has decayed to at 
least the second predetermined current magnitude in the time it takes for capacitor 
CI 1 to discharge from the predetermined referenced voltage magnitude to the first 
comparator voltage magnitude. At this time, the outputs of the comparator 222 
and the AND circuit 224 once again go high, causing the driver circuit 208 to 
supply a logic high signal to the gate of the second MOSFET 220. Thus, the 
second MOSFET 220 once again conducts. 

This current limiting cycle continues until time tg, when the command 
signal goes low. As a result, the driver circuit 208 supplies a logic low signal to 
the gate of the first MOSFET 210, causing it to turn off. Substantially 
simultaneous with this, the logic low signal is supplied to the first input terminal 
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229 of the AND circuit 224, causing its output 227 to be low. In response, the 
driver circuit 208 supplies a logic low signal to the gate of the second MOSFET 
220, turning it off as well. At this point, current flows through the solenoid coils 
102 and the first resistive element 1 12. With the solenoid coil 102 current flyback 
path now including first resistive element 1 12, the energy stored in the solenoid 
coils 102 is quickly dissipated, which in turn speeds up the turn off time of the 
solenoid 102. 

With the solenoid control circuit and method of the present invention, 
current flows through the first resistive element 112 only when the controller 
circuit 108 receives an appropriate command for de-energizing the solenoid coils 
102, and not during the current limit cycle. Thus, the energy dissipated by the 
first resistive element 1 12 is reduced relative to other solenoid driver circuits, 
which makes it more efficient compared to other circuits, and EMI emissions from 
the circuit 100 are also reduced compared to other circuits. 

While the invention has been described with reference to a preferred 
embodiment, it will be understood by those skilled in the art that various changes 
may be made and equivalents may be substituted for elements thereof without 
departing from the scope of the invention. In addition, many modifications may 
be made to adapt to a particular situation or material to the teachings of the 
invention without departing from the essential scope thereof. Therefore, it is 
intended that the invention not be limited to the particular embodiment disclosed 
as the best mode contemplated for carrying out this invention, but that the 
invention will include all embodiments falling within the scope of the appended 
claims. 



